Abstract. Sea surface wind perturbations over sea surface temperature (SST) cold anomalies over the Kashevarov Bank (KB) of the Okhotsk Sea are analyzed using satellite (AMSR-E and QuikSCAT) data during the summerautumn period of [2006][2007][2008][2009]. It is shown, that frequency of cases of wind speed decreasing over a cold spot in AugustSeptember reaches up to 67%. In the cold spot center SST cold anomalies reached 10.5 • C and wind speed lowered down to ∼7 m s −1 relative its value on the periphery. The wind difference between a periphery and a centre of the cold spot is proportional to SST difference with the correlations 0.5 for daily satellite passes data, 0.66 for 3-day mean data and 0.9 for monthly ones. For all types of data the coefficient of proportionality consists of ∼0.3 m s −1 on 1 • C.
Introduction
It is widely known that the structure and intensity of the wind field perturbations are determined to a considerable extent by the underlying SST heterogeneity. Breeze circulation is a striking example of this influence. During last decades, due to the development of remote sensing technologies, a great number of works dealing with the influence of different structure formations in SST fields in the form of fronts in oceans and seas (e.g., Chelton et al., 2001; Vecchi et al., 2004; Samelson et al., 2006; Shimada and Kawamura, 2006) , currents (e.g., Nonaka and Xie, 2003; Tokinaga et al., 2005; O'Neil et al., 2005; Song et al., 2006; Chelton et al., 2007) , Correspondence to: T. I. Tarkhova (tit@poi.dvo.ru) rings (Park and Cornillon, 2002; Park et al., 2006) and disturbances in tropical cyclones "traces" (Lin et al., 2003) on the surface wind field and connected with it wind stress over the surface, its curl and divergence has been carried out. These and other works (reviews in Xie, 2004; Small et al., 2008) show that the wind perturbation magnitude is directly determined by the amplitude of SST contrasts in state formations. The coupling between wind and SST is expected to show most accurately in ocean and sea regions with anomalous high temperature contrasts. In this respect the Kashevarov Bank area in the north-western part of the Okhotsk Sea is of great interest.
The Kashevarov Bank is a bottom rising about 350-900 m comparatively to the surrounding relief. 200-m isobath contouring the KB is limited to co-ordinates 55 • 12 N-55 • 57 N and 144 • 48 E-146 • 50 E (dotted line in Figs. 1 and 2 ). The minimum depth of the KB is ∼100 m, the mean one is ∼180 m. The characteristic feature of surface waters over the KB is the formation of a cold spot in summer, in which the SST over the KB is always a few degrees colder than the surrounding water. Hydrological sections carried out through the cold spot showed almost homogeneous thermohaline structure which is formed by strong tidal mixing (Rogachev et al., 2000) . The maximum of phyto-, zooplankton and zoobenthos concentration over the KB are marked during a frost-free seasons, favouring the formation of food fish accumulation (Luchin, 1996) . Thus, the KB has a substantial influence on the hydrological and biological processes in the Okhotsk Sea (Rogachev et al., 2001; Ono et al., 2006) .
In the work (Tokinaga and Xie, 2009 ) while investigating the influence of the tidal cooling on the sea fog in the Okhotsk Sea, it was noted the wind decreasing in JulyAugust from 6 m s −1 down to 4 m s −1 across the cold spot over the KB. But the real variability range of SST and wind anomalies in this region is much wider. Thus, SST and wind data over the KB can be used for the development of empirical relationships between wind and SST anomalies, similarly to that how it was done for other regions of the World Ocean (Small et al., 2008) . The purpose of the present paper is the investigation of the empirical relationships of SST and wind anomalies over the KB using satellite data.
Data and methods
In this work we have used vector wind and SST product of Remote Sensing Systems (RSS) (http://www.remss.com). Wind vectors have been derived from NASA's scatterometer SeaWinds onboard QuikSCAT and calibrated to the neutral stability wind at a height of 10 m over the sea surface, while SST fields have been obtained with an Advanced Microwave Scanning Radiometer for Earth Observing System (EOS) onboard Aqua (hereafter AMSR-E). In this work we use daily passes, 3-day and monthly average data of vector wind and SST with spatial resolution 0. (Chelton and Freilich, 2005) . The accuracy of AMSR-E SST measurements is 0.4 • C (Chelton and Wentz, For quantitative analysis of coupling of wind and SST anomalies we used data in the field of 250 × 250 km and a centre (55.5 • N and 146 • E) which is near to the KB centre. Anomaly grids are the grids in which deviations of values from background ones exceed some threshold value. Background grids are values of a two-dimensional polynomial regression function of the 3 order, formed due to the leastsquares method with a data selection. The data selection is an exception of grids with data differences from the regression exceeded two standard deviations. This procedure is done twice and leads to exceptions of a grid influence in a cold spot upon the smoothed SST field. All grids in which SST values are 1 • C lower than regression values and are in the radius of 120 km from the KB centre, are considered to be the grids of a cold anomaly over the KB. The same procedure is carried out for marking out wind anomaly grids in which wind speed is 0.5 m s −1 lower than regression values. Periphery grids are chosen out of numerous initial data in a ring with an inward radius equal to the maximum point radius in a cold spot over the KB, and in an angular sector 45 • with a course determined by the average wind direction (according to the whole selection). We suppose that, in general, SST and wind in such periphery grids determine the initial surface air characteristics spreading over the cold spot. Thus, SST and wind speed differences are the differences between their minimum values for SST and wind anomaly grids over the KB and mean magnitudes at the cold spot periphery. Wind speed ratio is the relation of wind speed minimum for wind anomaly grids to the mean speed of periphery grids.
Results
A cold spot over the KB begins to be forming as usual at the end of May-at the beginning of June with the appearance of water stratification outside its bound because of springsummer warming up and disappears in October-November when stratification is destroyed as a result of autumn-winter convection. In Fig. 1 monthly average SST fields (left panel) together with vector of sea surface wind and wind speed field with isotherms (right panel) are shown for June, August and October 2006. One can see that there is a positive correlation between wind speed and SST, and in monthly average wind speed fields over the cold spot a low speed region appears that closely resembles the cooler SST. For example, in June ( Fig. 1a) and July (not shown) the field of colder SST covers a vast region, including, besides the KB, the Iona Bank, located northward of Iona Island. Average SST for June in the chosen region was 4.8 • C in the KB periphery with a minimum of ∼2 • C over the KB. Similarly, the southeast wind speed was 3.8 m s −1 on the SST spot periphery and 2.4 m s −1 over the KB (Fig. 1d) . Maximum monthly wind speed (5.2 m s −1 ) may be noted over the most warmed up shelf water of North Sakhalin (up to 9 • C). In July (not shown) monthly SST in given region raised and kept itself in the range from the minimum 3.5 • C over the KB up to ∼9.3 • C at the cold spot periphery. Southeastern wind speed lowered over the cold spot from ∼5.2 m s −1 beyond their bounds down to 3.6 m s −1 . Surface wind fields for both June and July, low speed fields marked as a closed isotach 3.4 m s −1 and 4.6 m s −1 , correspondingly, coincide practically completely with cold spots.
In August temperature contrasts between the centre of the cold spot and its periphery become the maximum, from 5.5 • C up to 13.7 • C (Fig. 1b) . And besides, south wind speed over the KB is lowering from ∼6 m s −1 down to 3.6 m s −1 (Fig. 1e) . Then it is increasing up to 5.8-6 m s −1 beyond the KB. Thus, the SST difference ∼8.2 • C corresponds to ∼2.4 m s −1 wind decreasing.
In autumn water stratification surrounding the KB begins to be destroyed due to cooling, which leads to gradual diminishing of thermal contrasts over the sea surface. In September (not shown) this process is not so noticeable, when monthly mean temperature of the cold spot periphery lowered down to ∼10 • C, and over the KB down to ∼5.4 • C. The SST difference between minimum over the KB and SST beyond it lowered down to ∼4.6 • C. Southwestward winds are predominant in this time. Wind speed was descending from 6.5 m s −1 down to 4.6 m s −1 over the KB. Thus, the temperature contrast 4.6 • C corresponds to 1.9 m s −1 wind speed lowering. From October to April north and north-western winds are prevalent over the Okhotsk Sea. Despite the considerable diminishing of thermal contrasts in the KB region and sea surface wind intensification up to 10 m s −1 , in October positive correlation between SST and wind speed is still observed. Monthly SST throughout the investigated region was changing from ∼5.1 • C at the cold spot periphery down to ∼3.8 • C over the KB (Fig. 1c) . At the same time the wind speed changed from 8 m s −1 to 7.2 m s −1 (Fig. 1f) .
Correlation between SST and wind is not seen from November till May, the more so, as from the end of January up to the middle of May the investigated region is covered with ice and there is no practically data. During the summerautumn period of [2007] [2008] [2009] (not shown) the coupling between SST and wind is qualitatively similar to that one in 2006.
The mentioned coupling between monthly SST and wind speed is evident in single satellite passes as well. As an example in Fig. 2 unfiltered fields AMSR-E SST and QuikSCAT surface wind from descending satellite passes on 29 July 2006, as well as divergence and curl calculated according from a smoothed wind field are shown. The minimum SST over the KB that day was about 3.6 • C, while beyond its bound SST reached 12 • C and more (Fig. 2a) . Over the cold spot wind speed was lowered from ∼7 m s −1 down to 1.5 m s −1 (Fig. 2b) . Anomalous low wind speed area contoured with isotach 4 m s −1 and anomalous cold temperature region contoured with isotherm 8 • C practically coincide. Wind direction over the cold spot veered by 7-13% relative to mean wind similar to wind veering over the cold rings of Gulf Stream (Park et al., 2006) . The wind fields were compared with reanalysis JRA-25 data. That day there was no disturbance in reanalysis fields of sea level pressure and wind during the day. It is connected with a coarse spatial resolution of reanalysis data and spatial-time smoothing of JRA procedure itself.
In the fields of wind divergence (Fig. 2c) and curl (Fig. 2d ) characteristic structures can be marked. In the divergence field over the cold spot two bands with positive and negative (convergence) values were formed which divide it into two nearly equal parts. Convergence reaches its maximum values (−5×10 −5 s −1 ) on the upwind side of the cold spot, whereas divergence on the downwind side is peak (7 × 10 −5 s −1 ). From the left side of the cold spot wind curl becomes of negative magnitude and reaches −3.5 × 10 −5 s −1 , while from the right side one its value is positive and does not exceed 1.5 × 10 −5 s −1 . Quality similar patterns of wind stress divergence and curl fields have been received over cold rings of Gulf Stream (Park et al., 2006) .
We estimated the correlation factors between SST and wind speed using the daily satellite passes during the ice-free 396 T. I. Tarkhova et al.: Sea surface wind perturbations over the Kashevarov Bank of the Okhotsk Sea Fig. 2b ). They were carried out only when the volume of data sample was more than 80% of the maximum possible (9×13 grid). The highest correlation between SST and wind speed 0.94 was received for a descending pass on 29 July 2006 (Fig. 2) . However, there were only four cases with such correlation (≥0.9).The time course of monthly frequency of cases with correlation exceeding or equal 0.5 is shown in Fig. 3 . Apparently from Fig. 3 , it grows from a minimum in May (3-5%) to a maximum in August-September (38-67%), then again drops to 3-13% in November-December. For comparison, the frequency of advective sea fog occurrence connected with relatively warm air flowing over a colder spot surface over the KB and with wind decreasing exceeds ∼60% in July-August (Tokinaga and Xie, 2009) . Figure 4 in the left column shows the scatterplots of SST and wind speed differences, in the right column it presents the scatterplots of SST difference and wind speed ratio. For daily data ( Fig. 4a and b ) the correlation factor (r) between SST and wind speed anomalies is ∼0.5, the coupling becomes stronger with correlation up to 0.67 for 3-day average data and for monthly data it reaches its high values ∼0.9. It is important to mark that linear regression slope is ∼0.3 and ∼0.05 for a wind speed difference and a wind speed ratio, respectively, and almost doesn't depend on a scale of averaging, which influences only on the range of data variability in Fig. 4 . Figure 4 shows wind speed decreasing when the air flowing over the cold spot reaches ∼7.3 m s −1 , 4.8 m s −1 and 3 m s −1 for daily, 3-day mean and monthly data, correspondingly. The SST anomalies reaches 10.5 • C, 10.1 • C, 8.2 • C, respectively.
Discussion
The results presented in Sect. 3 do not contradict similar ones received by other researchers in various areas of the World Ocean (Small et al., 2008) . But the range of temperature and wind speed differences over the KB is wider. For example, according to satellite passes in a typhoon Kai-Tak "wake" they reached 7 • C and 5.5 m s −1 (Lin et al., 2003) , and in a typhoon Ioke "wake" ∼3.5 • C and 3 m s −1 (Tarkhova et al., 2010) . In Tokinaga and Xie (2009) climatological value of SST and wind differences were given in July-August with 7 • C and 2 m s −1 , accordingly. Besides, there was a negative correlation on the sub-monthly time scale. Nevertheless, as it is shown in Figs. 3 and 4 , both in 3-day average data and even on daily passes, considerable correlation occurs with high frequency.
In Fig. 4a , c and e a regression line slope is ∼0.3 m s −1 on 1 • C. The same slope estimation has been derived for the coupling of wind and SST anomalies around the Japan Sea Polar front (Shimada and Kawamura, 2006) for the warm period of a year. According to data for five months 1999 (Hashizume et al., 2001 ) yields estimations of mean regression coefficient in the equatorial South (North) Pacific are 1.83 (0.64) ms −1 K −1 . Such high values of difference ratios over the KB were marked only in some days. For example, value 0.85 around the KB was received due to a single satellite pass on 29 June 2006 (Fig. 2) .
In Park and Cornillon (2002), Park et al. (2006) it is shown, that over warm (cold) rings of Gulf Stream wind speed increases (decreases) by 10-15%. Horizontal dimensions of cold rings appear comparable with the size of a cold spot over the KB, SST difference magnitudes (4-8 • C) in them are comparable as well. Figure 4 shows the same monotonous character of dependence "wind speed ratio/SST difference", as in Fig. 3 from (Park and Cornillon, 2002) and in Fig. 11 from Park et al. (2006) . Our results do not contradict from the point of view of monotony and a variability range to theoretical dependence in The University of Washington Planetary Boundary Layer (UWPBL) model (Foster and Brown, 1994) , used for calculations in work (Park et al., 2006) , but our data give a wider range of variability (almost in 2 times) for wind speed ratio and SST difference.
The influence of SST heterogeneity on wind may be interpreted in the terms of a baroclinic atmosphere boundary layer theory (Brown and Liu, 1982; Bannon and Salem, 1995; Park et al., 2006) . A substantial observation of physical mechanisms of sea surface wind and SST heterogeneity coupling is given in the paper (Small et al., 2008) . We can mark the most frequently mentioned ones among them. The first is the influence of a SST-induced modification of the sea surface air stability (Wallace et al., 1989; Samelson et al., 2006) . It was used by Tokinaga and Xie (2009) for explaining of the influence of SST anomalies on the wind over the KB. The second is SST-induced sea level pressure variation (Lindzen and Nigam, 1987; Small et al., 2005) . As a rule, in a planetary boundary layer (PBL) model similar to UWPBL model (Foster and Brown, 1994) both mechanisms are taken into consideration. But, the contribution of each of these mechanisms to sea surface wind variability over the KB should be investigated in future.
As we investigate the empirical relationships of wind and SST anomalies, it is necessary to note a number of factors which can influence on wind estimations by a scatterometer. Firstly, the scatterometer signal depends on a surface condition, but to a considerable extent, upon capillary level and short gravity waves and is defined by transfer momentum processes from the wind to sea surface (Brown, 2000) . The scatterometer-derived wind is considered to be relative to sea surface and not taking into account current speed brings to error in its magnitude (Kelly et al., 2001 ) and a direction (Park et al., 2006) . Around the KB tidal current speeds can reach 1.64 m s −1 (Rogachev et al., 2000) , that can cause rather big errors in wind estimation by scatterometer during summerautumn period with typical for its light winds. Such tidal currents and the KB topography result in intensive eddies on a surface which cannot be considered in wind evaluating procedures and which also can result in to significant errors.
Secondly, the considerable errors at small winds can be also connected with the fact that ". . . ripple formation on a pure surface occurs at wind speed 1.5-3 m s −1 , but in the presence of a surfactant species film" the wind speed being necessary for waves generation increases (Phillips, 1977) . The occurrence of such a film can be caused by high bioproductivity of the KB area, and results to clearing of small-scale surface waves and surface smoothing as well (Hühnerfuss et al., 1978) , and as consequence, to understating of wind speed estimations. Besides, growth rate and dissipation of a roughness are defined by water viscosity (Phillips, 1977 ) depending on temperature, and which can increase on more than by 15% at decrease SST on 5 • C in a range of SST from 0 to 15 • C over the KB. Such effects of temperature dependence of air and water viscosity are not considered in the empirical ratio, connecting a scatterometer signal and sea surface wind (Brown, 2000; Park et al., 2006) .
Thirdly, errors in wind estimations can be a result of assumption about the neutral stratification of a surface atmosphere layer in empirical relationships of the scatterometer signal and wind (Brown, 2000) . The stratification of a surface atmosphere layer defined in basic water-air temperature difference is not considered. It is practically impossible to measure this difference neither by radiometers nor by scatterometers. In our case it is possible to assume strong stability of sea surface air over a cold spot with a difference between water and air temperatures to −10.5 • C (if it needs to be estimated as in Park et al. (2006) , on the SST difference on periphery and in the cold spot centre) and nearby −7.5 • C (if to use air temperature reanalysis data for Fig. 2 ). Such high stability results in decreasing of small-scale perturbation or flaw which participate in generation of a small-scale roughness component (Phillips, 1977) , so it can yield decrease in a scatterometer wind concerning the real one.
Influence estimation of above mentioned factors on the scatterometer wind needs undersatellite direct measurements of water and air temperatures in the KB area and it will be the theme of a future investigation.
Conclusion
The main aim of the present work was the investigation of empirical relationships of SST and wind anomalies over the Kashevarov Bank in the Okhotsk Sea according to satellite data. SST anomalies during summer-autumn seasons reach ∼10.5 • C and wind speed ∼7 m s −1 . Case frequencies with the correlation between SST and wind speed fields more than 0.5 mount to their maximum up to 67% in AugustSeptember during an annual course. The wind difference between a periphery and a centre of cold spot is proportional to SST difference with a slope ∼0.3 m s −1 on 1 • C, which practically doesn't depend on a period of averaged data, with a correlation of SST and wind differences between a periphery and a centre of cold spot from 0.5 according to daily satellite passes data up to 0.9 for monthly average data.
